Soil organic matter (OM) is important because its decay drives life processes in the biosphere.
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INTRODUCTION
As organic matter decays in soils, it is converted to CO 2 which contributes to the retention of heat in the atmosphere. This process needs to be mechanistically understood in order to avoid carbon-climate feedbacks that may reduce the habitability of the biosphere for humans.
Understanding the mechanisms of organic matter transformations requires observations and analyses of organic compounds in geological systems that are difficult for several reasons: (i) soil organic matter is a highly heterogeneous mix of molecularly diverse compounds, (ii) the molecular composition of as much as 50% of these compounds are unknown with (iii) significant contributions of thermally altered materials and finally but probably most significantly for analytical considerations, (iv) mineral phases may interfere with the outcome of conventional analytical procedures. For example, paramagnetic iron can render closely associated carbon atoms invisible to 13 C-NMR spectroscopy. 1 Separation of organic matter from mineral phases has often been attempted in soil science and biogeochemistry research, but artifact free and quantitative isolation of organic matter from mineral phases has never been conclusively demonstrated. 2 In addition, mineral-organic interactions have turned out to be meaningful for the persistence of OM in soils 3 suggesting that mechanistic insights can only be gained when organic matter is observed and investigated while in contact with adsorbing, absorbing, entrapping or even catalyzing mineral matrix.
Mass spectrometric (MS) techniques have been used for the characterization of organic matter from natural environments for several decades. 4 A large literature reports data from Pyrolysis-MS, where thermal energy is used to cleave large molecules at their weakest points to produce smaller, more volatile fragments 5 (Pyrolysis is defined as the thermochemical decomposition of organic material at elevated temperatures in the absence of oxygen). These fragments can be 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 separated by a chromatographic approach (Py-GC-MS) 6, 7 or by an electromagnetic field after an ionization step (Field ionization, FI) allows them to become accelerated towards a detector (Py-FI-MS). 8, 9 The resulting spectrometric data can either be used as fingerprints to identify materials 10 or allow for a mass based identification of individual fragments to obtain structural information of the parent material. 11 An obvious drawback of pyrolysis-based methods is the risk of thermal artifacts, i.e. the production of thermally modified fragments that were not part of the original parent material. 12 It follows that an analytical capability would be desirable that achieves desorption of chemically complex organic materials from the mineral phase that avoids chemical modifications of the desorbed molecules other than plain fragmentation. The same principle applies to the separation of desorbed compounds for detection; this should also be accomplished without chemical modifications other than fragmentation.
The goal of the research reported in this manuscript is to examine the applicability of a novel mass spectrometric approach to the characterization of mineral-organic associations. Laser
Desorption Synchrotron Postionization (synchrotron-LDPI) mass spectrometry has recently been developed to provide a soft desorption method to release molecules on surfaces with minimal input of internal energy and sample damage. 13 Tunable synchrotron Vacuum Ultraviolet Radiation (VUV) has been demonstrated to yield fragment-free mass spectra for fragile organic molecules. 14 This soft ionization method is valuable for the analysis of chemical mixtures by promoting parent ion detection and minimizing the complexity of the resulting mass spectrum. 15, 16 The threshold at which radiation provides sufficient energy to produce ionization depends on the composition, molecular structure and phase of the medium. Fixed energy 10.5 electron volts (eV) VUV radiation is often used in mass spectrometry since this is readily available by generating higher harmonics from a commercial laser. 17 However, by changing the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 5 energy of a synchrotron photon beam in small steps, photoionization efficiency (PIE) curves can be obtained for desorbed surface molecular species, allowing the procedure to be tuned for minimum damage to the analyte and to extract information to distinguish different classes of organic matter. We also explored the extent to which corresponding information about the mineral phase could be obtained by combining the synchrotron-LDPI technique with secondary ion mass spectrometry (SIMS), an analytical technique suitable for the investigation of mineral surface properties.
Our conceptual approach towards reaching an assessment of the suitability of the combined synchrotron-LDPI \ SIMS approach for the characterization of mineral-organic associations was to take advantage of the availability of a set of chemically well characterized physical soil fractions. 18 The procedure chosen to isolate these fractions from whole soil has been shown to generate ecologically relevant soil subunits, 19 where relatively undecomposed plant and animal residues (such as lignin and phenolic components) are concentrated in fractions with low density.
With increasing density, fractions become progressively enriched with microbial derived decomposition products of significantly different chemistry. This series of soil fractions has been previously characterized 18 with a harsh bulk chemical technique based on alkaline cupric-oxide (CuO) oxidation to quantify lignin 20 as well as cutin-and suberin-derived hydroxyl-and alkoxysubstituted fatty acids (SFA). 21 The availability of those samples together with information on general organic characteristics provided us with a knowledge base against which we could test the plausibility of the combined synchrotron-LDPI \ SIMS approach and its ability to provide better resolved and more specific information about the molecular properties of organic matter in close contact with mineral surfaces. 
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EXPERIMENTAL SECTION
The experiments were performed on a modified commercial reflectron-type time-of-flight secondary ion mass spectrometer (TOF.SIMS V; IonTOF, Germany) coupled to a synchrotron VUV light port. This apparatus is also equipped with a laser allowing laser desorption followed by VUV synchrotron ionization mass spectrometry. The experimental apparatus and the optical delivery system of the UV laser have been reported elsewhere. 13, 22 A 349 nm Nd:YLF desorption laser emitting 8.5 ns pulses is focused to a spot diameter of ~30 µm and irradiates the sample surface at an angle of 45 degrees. Depending on the sample type and analysis desired, various laser peak power densities ranging from ~0.7 MW cm -2 to 20 MW cm -2 were used. To optimize the signal to noise (S/N) ratio, each data set presented here is the sum of mass spectra collected for ≈ 16000 laser shots on the sample surface. To avoid pyrolysis from laser heating and sample damage, mass spectra are typically collected while the sample is linearly scanned by rastering the sample stage at a fixed speed of 2 mm/sec over a 20 mm distance. A neutral molecular plume desorbed by the laser pulse starts to spread perpendicular to the sample surface, and is intersected by the synchrotron VUV beam, which is approximately 50 µm to 150 µm above the sample surface. Samples are held at ground potential, 1.5 mm away from the analyzer extraction cone of the mass spectrometer. The molecules, after being ionized by the VUV light, continue unaltered in their velocity till application of an extraction electrical field pulse. A 3 µs-long -2kV
extraction pulse is applied 2 µs after the desorption laser shot. This delay is used to accumulate more ions in the interaction region and eventually obtain a mass spectrum with a better signal to noise ratio. The spectral width of the ionizing VUV light is ~0.2 eV and when necessary, fluxlimiting slits are employed to reduce the photon flux to avoid detector saturation. For the SIMS mass spectra, mass-selected Bi 3 + ions with 25 keV kinetic energy impact the sample surface at were exhausted and not available for this study, hence only the remaining six density fractions and the bulk sample were used in this study.
Samples analyzed by synchrotron-LDPI and SIMS are prepared on silicon substrates (Wafer World, Inc.; P/N 1183) by directly depositing the soil sample (about 5 mg) onto the silicon and subsequently dissolving and dispersing the applied compound with high-purity (99.9%) methanol. Samples are allowed to air-dry.
RESULTS AND DISCUSSION
For complex mixtures of organic compounds, "hard" ionization (i.e. electron impact) is not a preferable technique because the analytes are heavily fragmented, and the overlapping complex fragment patterns cannot be deconvoluted into the mass spectra of individual compounds. Taking advantage of tunable VUV radiation, the analyzed molecules can be ionized at the energies just above their threshold ionization energy, and therefore the fragmentation can be controlled by varying this photon energy. Another factor that can affect the fragmentation process is the power 8 of the laser. Since the laser-desorption process in which a laser pulse is absorbed by a substrate, converts to heat, and causes thermal desorption, sample molecules would decompose or pyrolyze if intense laser pulses are applied. In this study, we aimed to desorb neutral molecules with less fragmentation, hence all samples were examined at various laser peak power densities and the optimum threshold laser power that was high enough to desorb molecules from a surface but not pyrolyze the sample was determined. The value of this threshold laser power depends on the sample type. In our case, all soil samples had similar threshold laser power of 3.7 MW cm -2 (0.22 µJ pulse -1 ).
After the threshold laser power was determined, mass spectra for all density fraction soil samples were collected at different photon energies from 8 eV to 14 eV in 1 eV intervals. Figure   1 a-c shows select spectra of the lightest fraction (LF, 1.6 g cm -3 ) of the Susua soil at different photon energies. The quality and sensitivity of synchrotron-LDPI is demonstrated by the fact that each spectrum was acquired within ~10 sec which results from the high repetition rate of the 2.5 kHz UV laser used in this study. At 9 eV (figure 1a), there are discrete signal peaks in the high mass region between mass-to-charge ratios (m/z) of 200-500. As the photon energy increases to 14 eV, the fragments at m/z = 149 and below became more prominent, which is thought to arise from dissociative photoionization of neutral molecules (excess energy deposited into the ion which leads to dissociation) (see Fig. 1 b-c) . In order to reduce the complexity of the peak assignment, the mass spectra measured at 9 eV were used for mass peak assignment due to less fragmentation and reasonable signal to noise ratio. Since tandem mass spectrometry or ultrahighmass-resolution MS detection is not available in our experimental suite at present, the assignment of mass peaks requires some prior chemical knowledge of the investigated system. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 was used to quantify lignin, and the degradation products of vanilly-based, syringyl-based and cinnamyl-based lignin were also detected. However, with this method, the original oligomer structure was destroyed and no molecular information of the lignin compounds could be inferred.
Based on their observed degradation lignin product and the mass peaks observed in our mass spectra, the 8-5 linkage type in guaiacyl-syringyl (G- their signal intensity decreasing with increasing density of the respective physical fraction. In contrast, the mass spectra of the denser fractions ( figure 3 c-g ) are composed of a series of fragments with a regular mass interval. Figure 4 shows the comparison mass spectra between the lightest (< 1.6 g cm -3 ) and densest (> 3.0 g cm -3 ) soil fraction at 9 eV and 11 eV.
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In addition to organic matter, observing the mineral composition is important because contact with mineral surfaces is increasingly recognized as a critical control on soil carbon turnover. 24 Compared to organic compounds, the mineral material is less volatile and needs higher laser powers to either desorb or ablate from the sample surface. Again, too high a laser power will thermally decompose organic molecules, and it will be difficult to deconvolute mineral mass peaks from the overlapping complex organic fragment patterns. To avoid this problem, we used the ability of SIMS to release inorganic compounds of interest from the sample surface as demonstrated in previous work. 25 In which support a general pattern of an increase in extent of microbial processing with increasing organo-mineral particle density. 26 However, unlike the previous study, both SOM and mineral compounds were observed directly from the sample surface, and not with a chemical extraction method, hence allowing us to trace both SOM and mineral compounds on the same surface. We 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 13 point out that by rastering the sample stage, it would even be possible to obtain location specific information (i.e., imaging mass spectroscopy) to test hypotheses regarding the site dependency of interactions between organic and mineral phases.
CONCLUSION
We applied synchrotron-LDPI-MS and SIMS to fractionated soil samples to observe organic 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 interactions. Hence synchrotron-LDPI-MS in combination with SIMS promises to be a unique tool to investigate molecular properties in a variety of environments. 
ACKNOWLEDGEMENT
SUPPORTING INFORMATION
The following figures are available as supporting information. Figure S1 shows the photoionization efficiency (PIE) curves for mass peaks observed in the lightest density faction (1.6 g cm -3 ) of Susua soil. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 24 Figure S1 shows the photoionization efficiency (PIE) curves for mass peaks observed in the lightest density faction (1.6 g cm -3 ) of Susua soil. The photon energy was scanned between 7.4 and 12.0 eV, and mass spectra were collected at 0.1 eV photon energy intervals. Areas under the parent and fragment ion peaks were integrated at each photon energy, and the area plotted as a function of photon energy. A gas filter and MgF 2 window combination was used to remove 
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